Ultraviolet matrix-assisted laser desorption/ionization mass spectrometric (UV-MALDI-MS) analysis of highly acidic, thermally labile species such as glycosaminoglycan-derived oligosaccharides is complicated by their poor ionization efficiency and tendency to fragment through the loss of sulfo groups. We have utilized a systematic approach to evaluate the effect of alkali metal counterions on the degree of fragmentation through SO 3 loss from a highly sulfated model compound, sucrose octasulfate (SOS). The lithium, sodium, potassium, rubidium, and cesium salts of SOS were analyzed by UV-MALDI-time-of-flight (TOF)MS using an ionic liquid matrix, bis-1,1,3,3-tetramethylguanidinium a-cyano-4-hydroxycinnamate. The positive-ion and negative-ion MALDI mass spectra of five alkali metal salts of SOS were compared in terms of the degree of analyte fragmentation through the SO 3 loss and the absolute intensity of a molecular ion signal. Experimental results demonstrate that the lithium, sodium, and potassium salts of SOS undergo some degree of fragmentation through the loss of SO 3 , whereas the fragmentation through the loss of SO 3 in the rubidium and cesium salts of SOS is suppressed. A high detection sensitivity associated with the stability of sulfate half-esters was achieved for the cesium salt of SOS using positive-ion detection. Finally, the cesium salt of chondroitin sulfate A disaccharide was successfully analyzed using UV-MALDI-TOFMS. Copyright # 2007 John Wiley & Sons, Ltd.
Glycosaminoglycans (GAGs) are linear, sulfated polysaccharides that play important roles in angiogenesis, inflammation, as well as cell signaling, proliferation, differentiation, morphogenesis, adhesion, and migration. 1 GAGs consist of alternating uronic acid and hexosamine residues linked through (1 ! 4) glycosidic bonds as in heparin and heparan sulfate, or alternating (1 ! 3, 1 ! 4) glycosidic bonds as in chondroitin sulfate. The hexosamine residue can be sulfated at the C-2, C-3, C-4, and C-6 positions, and the uronic acid residue can be sulfated at the C-2 position. 1, 2 The uronic acid/hexosamine disaccharide building blocks constitute the sequence of a GAG chain and define its biological function through the number and positions of sulfo groups, stereochemistry of uronic acid residues, and type of glycosidic linkages. [1] [2] [3] Understanding the role of GAGs in biological processes requires the knowledge of their primary structure, which is determined by the disaccharide composition and sequence. [1] [2] [3] [4] A well-established method for identification of GAGs in biological samples involves the use of polysaccharide lyases. 5 These enzymes cleave specific glycosidic linkages through an eliminase mechanism, which results in the formation of a double bond at the non-reducing end of the product detectable by UV absorbance at 232 nm. 5 Characterization of the disaccharide mixtures obtained by complete depolymerization using a specific lyase or a combination of lyases allows distinction between different GAGs. A number of techniques can be used for characterization of GAGderived disaccharide mixtures, including high-performance liquid chromatography (HPLC), 6 capillary electrophoresis (CE), 7 and liquid chromatography followed by mass spectrometry (LC/MS). 8, 9 MS-based approaches for characterization of GAG-derived disaccharides afford sensitive and specific analysis, require small sample amounts, and do not rely on the UV-absorbing properties of the analyte. While the number of reports describing applications of LC/MS in the analysis of GAG-derived oligosaccharides is growing, there are very few matrix-assisted laser desorption/ ionization mass spectrometric (MALDI-MS) methods for the analysis of sulfated oligosaccharides. Previous reports of successful UV-MALDI time-of-flight (TOF) and electrospray ionization (ESI) MS analyses of heparin and heparin-like oligosaccharides demonstrated that the fragmentation of the polysulfated oligosaccharides through a loss of sulfate can be suppressed by the formation of a complex with an organic cation such as the guanidinium group of arginine 10, 11 or tetraethylammonium. 12 In each case, the cations were so-called soft Lewis acids. 13 In addition, Cs þ , a soft Lewis acid, 13 was shown to suppress metastable fragmentation through a glycosidic bond dissociation in neutral oligosaccharides. 14 We hypothesized that the stability of sulfate half-esters toward cleavage of O-SO 3 bonds should increase with the increasing soft character of an alkali metal cation, i.e. in going from lithium to cesium. Recently, we reported a successful UV-MALDI-TOFMS analysis of underivatized, uncomplexed polysulfated disaccharide sucrose octasulfate (SOS), sodium salt, using ionic liquid matrices (ILMs). 15 In the present work, we continue to use this model compound to understand analytical parameters that are important in UV-MALDI-TOFMS analysis of sulfated oligosaccharides, in particular GAGderived oligosaccharides. In the current study, SOS is used to evaluate the effect of five alkali metal counterions on the extent of the SO 3 -loss fragmentation. We prepare the lithium, sodium, potassium, rubidium, and cesium salts of SOS and analyze these using UV-MALDI-TOFMS and a new ILM, bis-1,1,3,3-tetramethylguanidinium a-cyano-4-hydroxycinnamate (G 2 CHCA). 16 The experimental results indicate that such parameters as the detection mode, pH of the sample, and the identity of the counterion affect the quality of MALDI mass spectra of SOS.
EXPERIMENTAL Materials
Sucrose octasulfate (SOS), sodium salt, was a gift from Bukh Meditec (Farum, Denmark). Bovine tracheal chondroitin sulfate A, 70% (balance chondroitin sulfate C), a-cyano-4-hydroxycinnamic acid (CHCA), Dowex 50WX8-100 strongly acidic cation-exchange resin, and the lithium, potassium, rubidium and cesium hydroxides and chlorides were from Sigma (St. Louis, MO, USA). Chondroitinase ABC (chondroitin ABC lyase, EC 4.2.2.4) from Proteus vulgaris was purchased from Seikagaku (Japan). 1,1,3,3-Tetramethylguanidine was from Acros (NJ, USA). Vivapure S strongly acidic cation-exchange spin-columns were from Vivascience AG (Hannover, Germany). All other reagents were analytical grade; all solvents used were HPLC grade.
Ionic liquid matrix
ILM was prepared by combining 1 equivalent of CHCA dissolved in methanol and 2 equivalents of 1,1,3,3-tetramethylguanidine. Methanol was evaporated under vacuum overnight; the solid was washed several times with acetone and dried at ambient temperature. The matrix solution for MALDI-MS was prepared by dissolving 50-70 mg G 2 CHCA in 1 mL 100% methanol.
Alkali metal salts of SOS
For milligram-scale preparations of lithium, potassium, rubidium, and cesium salts of SOS, a 5 mg/mL aqueous solution of SOS, sodium salt, was passed through a Dowex 50WX8-100 strong cation-exchange (SCX) column. Acidic fractions (pH <3) were pooled and carefully neutralized with a 0.1 M LiOH, KOH, RbOH, or CsOH solution to pH 7 using pH paper. The neutralized solutions were freeze-dried, and the resulting alkali metal salts of SOS were reconstituted with water to a 1 mM concentration (stock solutions).
Sodium and cesium salts of chondroitin sulfate A disaccharides
Chondroitin sulfate A (CSA) disaccharides were prepared by enzymatic depolymerization of bovine tracheal chondroitin sulfate A with chondroitin sulfate ABC lyase as described previously. 5 Briefly, a 50-mL aliquot of 20 mg/mL chondroitin sulfate solution in a 50 mM Tris/60 mM sodium acetate buffer, pH 8, was incubated with 1 mL of a 1 mU/mL ABC lyase solution at 378C for 24 h. Microgram-scale preparation of the acidic form of the CSA digest was carried out using Vivapure S mini spin-columns (SCX) preequilibrated with 1 N HCl followed by water. The digest mixture was diluted with 4.950 mL of water, and two 50-mL aliquots of the resulting dilution (1% digest) were passed through the SCX membranes. The eluant from one spin-column was mixed with 5 mL of 0.1 M NaOH solution, and the eluant from another spin-column was mixed with 5 mL of 0.1 M CsOH solution. After the addition of base, both samples had pH >8 as determined by pH paper. The resulting solutions of sodium and cesium salts of CSA oligosaccharides were mixed with the matrix solution and applied to a stainless steel target plate for MALDI-MS analyses.
MALDI-TOFMS
Preliminary mass spectra of five alkali metal salts of SOS were acquired on a TofSpec 2E MALDI-TOF mass spectrometer (Micromass, Manchester, UK) in reflectron mode using default instrument parameters: source 20 kV, reflectron 26 kV, extraction lens 19.95 kV, focus lens 16 kV. Ionization was achieved using nitrogen laser at a wavelength of 337 nm. The detection sensitivity experiments with the cesium salt of SOS and analysis of the CSA digest were carried out on an Autoflex II MALDI-TOF mass spectrometer (Bruker Daltonik, Bremen, Germany) equipped with a 337 nm nitrogen laser. For MALDI-MS analyses, 1 vol. part of a sample solution was mixed with 1 vol. part of the matrix solution, and 0.25 mL of this mixture was applied to a stainless steel target. All mass spectra were processed with M over Z software (m/z -freeware edition, Proteometrics, LLC).
RESULTS AND DISCUSSION
In our previous reports, we demonstrated that ILMs can be successfully used for the MALDI-MS analysis of polysulfated, polycarboxylated oligosaccharides. 15, 16 The intent of the present work was to improve the quality of MALDI mass spectra acquired with sulfated disaccharides. Using an octasulfated disaccharide, SOS, as a model analyte, we compared MALDI mass spectra of its five alkali metal salts ( Fig. 1) in terms of the extent of fragmentation through cleavage of O-SO 3 bonds and absolute signal intensity of an intact analyte peak. Polyanionic compounds such as GAG-derived oligosaccharides are usually analyzed by MS in the negative-ion detection mode, 8, 9, 17 but under certain experimental conditions, positive-ion detection permits the acquisition of high-quality mass spectra. 12 Thus, for each salt of SOS studied, we compared MALDI mass spectra acquired in the positive-ion and negative-ion modes to establish which detection polarity afforded the lowest extent of SO 3 loss and highest detection sensitivity of the molecular ion.
Sodium, lithium, and potassium salts of SOS GAG-derived oligosaccharides are often separated and purified by strong anion-exchange (SAX) chromatography using sodium chloride gradients. 6 As the result, these compounds are commonly obtained in the form of sodium salts, making it practical to detect these polyanions by MALDI-MS as sodium salts. This is especially desirable considering the ubiquitous nature of sodium and a high tendency of GAG oligosaccharides to form sodium adducts during mass spectral analysis. 8, 12, 14, 15 Using G 2 CHCA as the matrix, we acquired MALDI mass spectra of several dilutions of the sodium salt of SOS (Na 8 SOS), in positive-ion and negative-ion reflector mode. For each analyte concentration examined, the instrument parameters were adjusted to yield strong analyte signal in the negative-ion mode and were kept unchanged during the positive-ion acquisition. Negative-ion MALDI mass spectra of Na 8 SOS showed higher analyte signal intensity and greater number of SO 3 -loss fragments than the positive-ion mass spectra acquired from the same target spot under identical instrument parameters (Figs. 2(A) and 2(B) ). In the positive-ion mode, the [M Na þNa] þ ion dominated the spectrum, and only one fragment due to the loss of SO 3 was detected. However, the sensitivity of positive-ion detection was significantly lower than that achieved in the negative-ion mode, and using Na 8 While the negative-ion detection of lithium and sodium salts of SOS afforded higher sensitivity than the positive-ion detection, this trend was reversed for the potassium salt of SOS (K 8 SOS). MALDI mass spectra of K 8 SOS acquired in the positive-ion mode exhibited an intact analyte peak,
þ , accompanied by two SO 3 -loss fragments ( Fig. 3(A) ). The intensity of the K 8 SOS molecular peak, Fig. 3(B) ), was approximately 30% of that of the 
Rubidium and cesium salts of SOS
As evident from the MALDI mass spectra of rubidium and cesium salts of SOS (Rb 8 SOS and Cs 8 SOS) acquired in the positive-ion and negative-ion reflector modes (Figs. 4 and 5) , the use of larger alkali metal counterions for SOS resulted in a greater stability of sulfate half-esters reducing the cleavage of O-SO 3 bonds. In contrast to Li, Na, and K salts of SOS, MALDI mass spectra of Rb 8 SOS and Cs 8 SOS showed reduced SO 3 -loss fragmentation not only in the positive-ion mode, but also in the negative-ion mode. A comparison of MALDI mass spectra acquired with five alkali metal salts of SOS demonstrated that the signal intensities of peaks corresponding to molecular species of Rb 8 SOS and Cs 8 SOS were greater than that of Li 8 SOS, Na 8 SOS, or K 8 SOS, irrespective of the detection polarity. While MALDI-MS analyses of rubidium and cesium salts of SOS afforded similar sensitivity, the use of the mono- isotopic cesium counterion for SOS was found to be more practical than the use of the rubidium counterion which has two isotopes. The isotopic pattern of the cesium salt of SOS reflected a so-called A þ 2 nature of sulfur (Fig. 5, insets) , which permitted distinction between the analyte peaks from the matrix cluster peaks, Cs n CHCA m , in the mass spectrum. Two isotopes of rubidium, 85 Rb and 87 Rb, occur in a ratio of approximately 100:39, and the presence of rubidium renders the SOS peaks indistinguishable from the peaks corresponding to matrix clusters, Rb n CHCA m .
Optimization of sample preparation
Various degrees of X/Na exchange, X ¼ K, Rb, Cs, were observed during MALDI-MS analyses of K 8 SOS, Rb 8 SOS, and Cs 8 SOS. To minimize this problem, 1 mM stock solutions of these salts of SOS were prepared in 8 mM XCl, X ¼ K, Rb, Cs. The optimized concentration of alkali metal chlorides in the solutions of respective alkali metal salts of SOS was determined experimentally. Higher concentrations of alkali metal salts in the MALDI samples negatively affected the analyte signal intensity, whereas lower concentrations of the salt additives were inefficient in suppressing the X/Na exchange. Addition of 1 mL of 1-10 mM XOH, X ¼ K, Rb, Cs, per 2 mL of matrix/analyte mixture was also found to reduce the appearance of X/Na exchange peaks and improve the analyte signal in the positive-ion detection mode.
Sensitivity
We prepared and analyzed a series of Cs 8 SOS dilutions to determine a detection limit that can be achieved with the present MALDI-MS method. As low as 0.4 pmol Cs 8 SOS (0.25 mL of 3 mM Cs 8 SOS solution diluted 50% with the matrix) was detected under the optimized experimental conditions, in the presence of 0.25 mL of 1 mM CsOH (Fig. 6) . The detection limit obtained for Cs 8 SOS was an order of magnitude lower than that for Na 8 SOS, which was not detected below 4 pmol (Autoflex II). The molecular peak [M Cs þCs] þ was accompanied by a series of peaks corresponding to Cs/Na exchange products (D À110 m/z). The appearance of the Cs/Na exchange peaks in MALDI mass spectra acquired with diluted Cs 8 SOS samples (<0.1 mM) is a limitation of the present method. 
MALDI-MS analyses of chondroitin sulfate digest
Sodium salts of GAG-derived disaccharides have molecular weights in the range of 500-700 Da and appear in a region of MALDI mass spectra where matrix interference is strong. Using a 50-mL spin-column, the cesium salts of oligosaccharide mixture obtained by enzymatic depolymerization of chondroitin sulfate A (CSA) were prepared and analyzed without any separation or purification steps. Converting sodium salts of CSA disaccharides into the cesium salts shifted their MALDI-MS peaks toward higher m/z values, permitting the use of matrix suppression settings of up to 500 Da without suppressing an analyte signal. A significant improvement in the MALDI-MS signal of the cesium salt of CSA disaccharide as compared to that of the sodium salt of CSA disaccharide (Fig. 7) can be attributed in part to the different matrix suppression settings used in the experiment. Both mass spectra were acquired with the matrix suppression set at 200 Da below the molecular weight of the analyte. However, MALDI mass spectra acquired with the cesium salt of CSA disaccharide showed improved signal intensity regardless of the matrix suppression settings. Therefore, it is likely that much of the MALDI signal enhancement achieved with the cesium salt of CSA disaccharide could result from the increased stability of sulfate half-esters toward thermal fragmentation. The complete absence of SO 3 -loss fragments in the positive-ion MALDI mass spectra acquired with the sodium and cesium salts of CSA disaccharide makes this method potentially applicable to the analysis of mixtures containing disaccharides having various levels of sulfation. 14,18
Based on the molecular dynamics calculations and empirical observations, this effect was attributed to the inability of the large alkali metal/oligosaccharide complex to undergo charge-induced fragmentation. 14 Large alkali metal cations can efficiently coordinate several oxygen atoms, 14 which can explain the stability of cesium-coordinated sulfate half-esters toward fragmentation in MALDI-TOFMS described in the present work. The systematic evaluation of the effect of alkali metal counterions on the stability of O-SO 3 bonds toward fragmentation in MALDI-MS analysis was carried out using an octasulfated disaccharide, SOS, as a model polyanion. The MALDI mass spectra of five alkali metal salts of SOS, acquired with an ionic liquid matrix, G 2 CHCA, in positiveion and negative-ion reflector modes were compared under identical experimental parameters. Two criteria were used to evaluate the experimental results: the extent of the analyte fragmentation through the loss of SO 3 and the absolute signal intensity of the analyte molecular species. The cesium salt of SOS afforded MALDI mass spectra with the lowest degree of fragmentation through cleavage of O-SO 3 bonds in both positive-ion and negative-ion detection modes. In addition to the suppressed fragmentation, Cs 8 SOS exhibited a significant MALDI signal enhancement compared to other alkali metal salts of SOS. While the presence of peaks corresponding to Cs/Na exchange products detracted from the quality of MALDI mass spectra of Cs 8 SOS, a low-picomole detection limit obtained with this counterion compensated for the drawback. The practical utility of the present method is demonstrated by applying it in the analysis of the CSA disaccharides. Strong analyte signal and the complete absence of the SO 3 -loss fragments make the present method amenable to the direct MALDI-MS analysis of GAG-derived disaccharide mixtures. Future experiments will be directed toward structural characterization of GAG disaccharides by tandem mass spectrometry using the described methodology. A strong MALDI signal corresponding to the protonated cesium salt of CSA disaccharide ( Fig. 7(B) ) should permit acquisition of structurally informative tandem mass spectra. Protonated oligosaccharides have the greatest metastable decay rate; 19 thus, they are expected to fragment efficiently through the glycosidic bond and cross-ring cleavages within the post-source decay timeframe. Zaia and Costello demonstrated that the stabilization of sulfo groups in heparin-like GAGs by metal complexation does not prevent glycosidic bond dissociation in quadrupole orthogonal acceleration TOFMS.
20 Figure 7 . Positive-ion MALDI mass spectra of chondroitin sulfate A disaccharide, sodium salt (A) and cesium salt (B) acquired with G 2 CHCA. Peaks due to the matrix are marked with triangles. Peak marked with closed circle in (B) corresponds to a product of Cs/Na exchange.
